Summary. Peanut yellow spot virus (PYSV) represents a distinct tospovirus species based on serology and nucleic acid hybridization. The sequence of the S RNA was 2 970 nucleotides with 22 nucleotide long inverted repeats (with three mismatches) at the termini. The coding was ambisense with a long open reading frame (ORF) in each strand. The 5 -large ORF (1 440 nucleotides in the viral sense (v) strand) encoded a protein with a predicted size of 53.2 kDa that was identified as the nonstructural (NSs) protein based on 16-21% sequence identity and 42-48% sequence similarity with other tospoviruses. A 3 ORF (741 nucleotides) in the virus complementary (vc) sense encoded a 28.0 kDa protein that was identified as the nucleocapsid (N) gene based on immuno-blot analysis of the in vitro expressed protein with PYSV polyclonal antiserum. The predicted N protein had 24-28% amino acid sequence identity and 44-51% sequence similarity with the members of other serogroups. In contrast to other tospoviruses, a third ORF (204 nucleotides) occurred in the vc strand, which could encode a protein with a predicted size of 7.5 kDa with two strong hydrophobic regions. The low degree of homology of N and NSs protein sequences with other serogroup members coupled with an additional ORF suggests that PYSV should be classified as a distinct species of the Tospovirus genus. This conclusion also is supported by the absence of serological cross reaction with other serogroups, and biological characteristics including thrips transmission, symptoms and host range. 
Introduction
The members of Bunyaviridae infecting plants are included under the genus tospovirus [20] . The virions are quasi-spherical, enveloped and contain three linear ssRNA species, denoted small (S) RNA, medium (M) RNA and large (L) RNA [18, 28] . The RNAs form pseudo-circular structures associated with a nucleocapsid (N) protein and a few copies of a large protein, the putative viral RNA polymerase [29] . The two glycoproteins (c. 78 kDa (G1) and c. 59 kDa (G2)) presumably required for thrips transmission, are embedded in the viral envelope [19] . The complete genomic nucleotide sequences of tomato spotted wilt (T SWV), impatients necrotic spot (INSV) and peanut bud necrosis viruses (PBNV) have been determined ( [4, 6, 12, 16, 24, 25, 30] , Gowda et al. unpubl.) . The L RNA is of negative polarity and encodes a putative viral RNA polymerase, whereas the S and M RNAs are ambisense. The M RNA contains two ORFs, one in the viral (v) sense that encodes a nonstructural (NSm) protein and the other in the viral complementary (vc) sense that encodes a precursor protein for G1 and G2 envelope glycoproteins. The S RNA also has two ORFs, the one in the v sense strand encodes a nonstructural (NSs) protein and that in the vc sense strand encodes the nucleocapsid (N) protein.
The genus Tospovirus consists of four serogroups based on the serological cross reactivity and sequence homology of the N protein. Serogroup I consists of TSWV [4, 17] , which reacts weakly with the antibodies to serogroup II members [TSWV-B (Brazil isolate); groundnut ring spot virus (GRSV) and tomato chlorotic spot virus (TCSV)] [3, 21] do not react with antibodies to serogroup III members (INSV) [15] . The serogroup IV members, PBNV and watermelon silver mottle virus (WSMV) are serologically distinct from the members of serogroups I, II, and III [1] . The N protein of TSWV (serogroup I) showed 77-78% sequence identity with GRSV and TCSV (serogroup II) [3] , 55% sequence identity with INSV (serogroup III) [6] and 33-35% sequence identity with PBNV and WSMV (serogroup IV) [31, 32] .
Peanut yellow spot virus (PYSV) causes yellow leaf spots in peanuts which later coalesce and become necrotic. It was reported as a distinct tospovirus based on thrips transmission, serology and host range [22] . Recently PYSV was separated into a distinct species and proposed to be included in a newly established serogroup of the genus Tospovirus based on lack of serological cross reactivity and nucleic acid hybridization with TSWV, INSV and PBNV [26] . Although the incidence of PYSV in peanut fields can reach 90%, the crop losses due to this virus have not been determined (D. V. R. Reddy, unpubl.) . In this paper, we show that the nucleotide sequence and genome organization of the S RNA segment of PYSV differs considerably from other tospoviruses.
Materials and methods

Purification of virus nucleocapsids and extraction of RNA
Peanut (Arachis hypogaea L.) plants exhibiting typical yellow spot symptoms of PYSV were collected from field plots at the ICRISAT-Asia center, India. The virus was isolated and further maintained as described by Reddy et al. [22] . Extraction of virus RNA from purified nucleocapsids was done essentially as described by Satyanarayana et al. [26] .
cDNA synthesis and cloning
The total RNA of PYSV was fractionated in 1.0% low melting point agarose under denaturing conditions [2] . The S RNA was eluted from the gel [23] and used as a template for making a cDNA library. Random primed first-and second-strand syntheses were performed as described by Gubler and Hoffman [9] using SuperScript Choice system (Gibco-BRL) followed by addition of Eco RI adaptors and cloned into pGEM-7f Z at Eco RI site. The 3 end of PYSV S RNA was obtained by reverse transcription followed by polymerase chain reaction (RT-PCR) using an oligonucleotide 5 AGAGCAATC which is complementary to the 3 end of tospoviruses RNAs reported so far, and an oligonucleotide 5 CCTATAGCTGCCTGAAGCTCTTC, identical to nucleotides 2 170-2 192 of PYSV S RNA. The 5 end of PYSV S RNA was also obtained by RT-PCR of purified RNA using an oligonucleotide, 5 AGAGCAATC, conserved at 5 end of tospovirus nucleotides and an oligonucleotide, 5 CACCATCAAGGATACTTCTAATATGA, complementary to the nucleotides 1 286 -1 311 of PYSV S RNA. The gel purified RT-PCR products were cloned into pUC 119 at Sma I site for sequencing.
Nucleotide sequence and analysis
The sequencing of the double-stranded DNA was done with an automated DNA sequencer (Perkin-Elmer/Applied Biosystems, Model 373A). The nucleotide sequence and the deduced amino acid sequences were assembled and analyzed using the GCG program package [7] . CLUSTAL V [11] was used for comparative analysis including multiple alignments of tospoviruses N and NSs protein amino acid sequences and calculation of genetic distances. Distance was defined as (1-identity)/100, sequence gaps were not considered in the calculation, and no correction was made for multiple substitution. Phenograms were constructed by cluster analysis employing UPGMA [27] using Phylip (v.357c) with randomized order of data entry.
Expression of the nucleocapsid protein in Eschericia coli and immuno-blot analysis
The PYSV necleocapsid (N) gene was amplified from the first-strand cDNA synthesized using an oligonucleotide, 5 TTCGCCATGGCTACAAAAGGCGTTGTAAAG, complementary to nucleotides 2 871-2 890, contained an Nco I site (underlined) to place the ATG in the proximity of pET-15b. As a consequence, the second codon in the N gene was changed from TCT (ser) to GCT (ala). The other oligonucleotide used in PCR amplification of N gene was: 5 ATCACTCGAGTCACAGCTCTCCGTTACCTATAG, with Xho I site (underlined) identical to 2 154 to 2 176. The PCR products were digested with Nco I and Xho I and cloned into the respective sites of pET-15b. The overnight culture of the N gene construct in pET15b in E. coli (BL 21)DE 3 was diluted 1:100 in fresh LB medium containing ampicillin (50 g/ml). Cells were grown for 4 h at 37 C and subsequently induced by adding IPTG to a final concentration of 0.4 mM. After electrophoresis in 12% polyacrylamide gels [14] , proteins were electro-blotted onto nitrocellulose membrane and probed with PYSV polyclonal antiserum specific to nucleocapsids [22] .
Results and discussion
cDNA cloning and sequencing of the PYSV S RNA
Among the cDNA clones generated by random priming of the S RNA from purified nucleocapsids, two overlapping clones representing nucleotids 1 193 to 2 265, and 1 559 to 2 164 were selected for sequencing as they were relatively large and specifically hybridized with the PYSV S RNA on Northern Blots (data not shown). The 5 and 3 ends of PYSV S RNA were obtained by RT-PCR using a 9-mer conserved tospoviral sequence present in all the tospoviral RNAs sequenced so far and PYSV S RNA specific primers (see Materials and methods). The 5 and 3 ends of the L RNA of INSV [30] and PBNV (Gowda et al. unpubl.) have been amplified and sequenced using the similar approach. The clones obtained by RT-PCR using specific primers were selected based on the presence of overlapping sequences.
Characteristics of the PYSV S RNA sequence
The complete nucleotide sequence of the PYSV S RNA was 2 970 nucleotides (nt) long (Fig. 1) , which was similar to the size estimated by relative electrophoretic migration in denaturing agarose gels [26] . It had a base composition of 32% A, 32% U, 19% C and 17% G. The 5 and 3 ends of the viral RNA contained two untranslated regions, 57 and 75 nt respectively, with 22 nt complementary sequences (with three mismatches) at the termini which could form a strong panhandle structure characteristic of the members of Bunyaviridae. The sequence analysis of PYSV S RNA revealed three ORFs with an ambisense arrangement. There was a large ORF of 1 440 nt located on the 5 end of the V sense strand, initiating with an AUG codon at nucleotide 58 and terminating at an UGA stop codon at nucleotide 1 498 (numbered from the 5 end of the viral strand) (Fig. 1) . This ORF encoded a 480 amino acid polypeptide with a predicted Mr of 53.4 kDa. A search of the EMBL protein database revealed sequence similarity with corresponding nonstructural (NSs) proteins of PBNV and WSMV, and thus appeared to be the NSs protein. The deduced amino acid sequence of this ORF contained two potential N-glycosylation sites (Fig. 1 ). Another ORF was located near the 5 end of the vc strand, initiating with an AUG codon at nucleotide 2 894 and terminating at an UGA stop codon at nucleotide 2 154 (numbered from the 5 end of the v strand) (Fig. 1) . This ORF could encode a protein of 246 amino acids with a predicted Mr of 28.0 kDa, which appeared to be the N protein, based on the sequence comparison to the N proteins of other tospoviruses (see below). The calculated Mr of 28.0 kDa of the putative N protein corresponded to the experimentally determined value for the N protein from purified nucleocapsids [26] .
To confirm the identification of the 3 -small ORF on vc strand as N gene based on the sequence analysis, we cloned the entire ORF into pET-15b vector, creating a recombinant plasmid pET-15bN. After induction with IPTG, E. coli cells harboring this plasmid produced an abundant protein of 28 kDa, which is absent in uninduced E. coli cells. This protein was similar to the size expected for (Fig. 2 ) and additionally reacted with a polyclonal antiserum prepared against PYSV N protein (Fig. 2) . The ORFs coding for NSs and N genes were separated by a 713 nt A+U-rich intergenic region (Fig. 1) . Size differences between the S RNA molecules of different tospovirus isolates have been attributed to the variation in length of the intergenic region [10] . The predicted structure and stability of the PYSV S RNA intergenic region between 1 545 and 1 921 nt(free energy −83.2 kcal/mol) was comparable to the intergenic regions of PBNV and TSWV S RNAs, having a calculated free energy of −96.6 and −108.2 kcal/mole, respectively [4, 24] .
A small ORF in vc strand of PYSV S RNA was observed in addition to the NSs and N ORFs. This ORF is initiated with an AUG codon at nucleotide 1 292 and terminates with an UAG stop codon at necleotide 1 088 (numbering of v sense RNA). It could encode a protein of 68 amino acids with a predicted molar mass of 7.6 kDa (Fig. 1) . Two hydrophobic regions were predicted by the program Peptide Structure [13] to occur in the protein sequence at amino acids 1-16 and 26-48. Furthermore, a search of EMBL protein database revealed no statistically significant homology to any other reported protein sequences. The presence of an additional ORFs comparable to the size observed for PYSV has been reported for Maguari Bunyavirus S RNA [8] and for S RNA of WSMV (tomato isolate) [10] . However, evidence for existence of this protein in vivo has so far not been demonstrated. The percent identities and similarities (in parenthesis) of the N protein (above diagonal) and the NSs protein (below diagonal) as deduced from the nucleotide sequence data using the GAP program (gap weight 3.0, length weight 0.1) of the GCG sequence analysis software package
The sequence data were taken from the following publications: GRSV and TCSV [3] , INSV [6] , PBNV [24] , TSWV-BR 01 [4] , TSWV-L3 [17] , WSMV [10, 31] a Sequence data are not available for comparison
Sequence comparison of the PYSV N and NSs proteins
The identity and similarity values based on the amino acid sequences of the tospovirus N and NSs proteins were completely consistent with the known serological grouping. The amino acid sequence of PYSV N protein exhibited 24-28% identity and 44-51% similarity with the viruses of serogroups I-IV (Table 1) . This value is in contrast to 77-79% identity reported between serogroups I and II, 55% identity observed between serogroups I and III and 33-35% identity reported between serogroups I and IV (Table 1) . Thus, PYSV appears to represent the most distantly related taxonomic known member of the genus Tospovirus. The PYSV N protein consists of 246 amino acids, which is 12, 16 and 29 or 30 amino acids shorter than that reported for the members of serogroups I and II (258 amino acids), serogroup III (262 amino acids), and serogroup IV (275 or 276 aminoacids), respectively [3, 4, 6, 21, 24, 31] . Although the N protein of PYSV shared low degree of identity with those of other tospoviruses, some consensus residues are present (Fig. 3a) . The C-terminal region (60 amino acids) of the PYSV N protein is highly variable as there are no consensus amino acid residues observed (Fig. 3a) . The PYSV NSs protein sequence revealed only 16-21% identity and 42-48% similarity with the members of serogroups I-IV. The PYSV NSs protein was 16, 13, 31 and 41 amino acids longer than the respective proteins of TSWV, TSWV-B, INSV and PBNV, respectively [4, 6, 21, 24] . Although the NSs protein of PYSV shared only 16-21% identity with those of other tospoviruses, still some consensus residues are observed (Fig. 3b) .
The results of a clustering analysis of the aligned sequences of N and NSs proteins of tospoviruses are shown in Fig. 4 . The phenograms suggest that PYSV should be included into a separate group based on N or NSs protein sequences. In conclusion, the observed low sequence identity of N (24-28%) and NSs (16-21%) proteins with serogroups I-IV members of Tospoviruses together with differences in host range, thrips transmission, serological cross reaction and nucleic acid hybridization analysis with TSWV, INSV and PBNV [22, 26] supports the inclusion of PYSV as a distinct member under new serogroup of the genus Tospovirus.
